INTRODUCTION
Few phenomena in history have been brought to such a high level of esteem and popularity with a perplexing origin, and even fewer have shared such extensive, enduring effects. For over a millennium, Chinese women of all ages and social classes have bound their feet to a fraction of their original size, suffering great pain and hardship during the process. Literature documents that this tradition was begun in the closing years of the tenth century either by dancers during the Song dynasty, which valued the aesthetic beauty and graceful movements of small feet, or a hedonistic emperor, who ordered his concubines to bind their feet to resemble the shape of a 'golden lotus' leaf. 1 2 One aspect beyond debate, however, is the widespread influence of foot binding and the longevity of its practice: spanning over 1000 years and four dynasties in China. The tradition reached its apex during the 18th century, when over 50% of all women and close to 100% of women in upper class societies bound their feet. 2 3 Foot binding was first outlawed in 1912, but persisted in various rural regions of China. Women with small feet were associated with restricted labour and physical activity, which promoted feminine behaviour and increased their likelihood of marriage. [1] [2] [3] Women aged 65 or above have now become the last generation still living with bound feet. These women mainly reside in rural and impoverished
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provinces of China. However, while the phenomenon is well documented, very few reports have collected scientific data to study the direct effect of lifelong foot binding on bone status and fragility fractures.
One of the observable consequences of lifelong foot binding is the reduced size of the foot and the accordingly significant decrease in support area (figure 1), which greatly hinders ability to participate in both social and physical activities throughout life. There is strong evidence that physical exercise enhances bone health. [4] [5] [6] [7] The decreased support resulting from the smaller foot area would be likely to reduce balancing capability, leading to a greater risk of falling, and increase the incidence of fragility fracture due to restricted physical activity. [7] [8] [9] We therefore hypothesised that women with bound feet would have adverse effects on musculoskeletal health due to diminished lifelong physical activity, decreased ability to balance as a result of a smaller foot support area, and therefore higher fall frequency and fall-related fragility fractures.
METHODS

Participants
This was a project conducted by clinical scientists and bioengineers from Hong Kong and physicians from Mainland China to reveal the social and physiological effects of lifelong foot binding, with participants recruited from Luliang County of Yunnan Province, China (see online supplement 1). Participants who had any diseases or drug use known to affect metabolism of the musculoskeletal system or a recent fracture (within 1 year) were excluded. The study was supported by the Chinese Health Promotion Foundation, and human ethics approval was obtained from the Second Affiliated Hospital of Kunming Medical College for the part of the study conducted in Kunming and the Chinese University of Hong Kong for the part conducted in Hong Kong.
A total of 254 subjects were included in the study: 172 had bound feet (mean±SD age 74.6±3.5 years, range 65-80) and 82 had normal feet (mean age 74.5±4.0 years, range 69-87). All subjects had their weight and height measured and body mass index (BMI) calculated. History of fractures, number of children and years since menopause (YSM) were also documented.
A modified 36-item Short Form Health Survey (SF-36) was given to all participants after translation into Chinese that had been validated by one of our previous studies. 10 The survey was organised into eight multi-item scales assessing physical functioning (PF), physical role (PR), bodily pain (BP), general health (GH), vitality (VT), social functioning (SF) and emotional role (ER) in daily activities and mental health (MH), which comprehensively determine the quality of life and physical, mental and psychosocial health (see online Appendix). Of the eight categories, the five that govern physical well-being of (PF, PR, BP, GH and VT) were linearly transformed to a 0-100 scale using a standardised threestep algorithm and subsequently scaled by computing the mean values for each category. 11 12 Mean values for each variable were compared between the two groups to determine differences between subjects with bound feet and controls. Finally, scaled scores in each category were combined to produce a higher-order physical component summary (PCS) score. The PCS score was standardised with the 1998 US general population database with a mean score of 50 and SD of 10.
13
Heel quantitative ultrasound All 254 recruited subjects participated in quantitative ultrasound (QUS) evaluation of the heel in Luliang County using a Lunar Achilles Plus (GE Healthcare, Milwaukee, Wisconsin, USA) (figure 2). Speed of sound (SOS; m/s) and broadband ultrasound attenuation (BUA; Db/MHz cm) were recorded. A Stiffness Index (SI) was derived from SOS and BUA based on the following formula: SI=(0.67×BUA)+(0.28×SOS)−420.
14 QUS T-scores were calculated using a built-in Chinese female reference population. Z-values were subsequently calculated with the same formula, expressed as SD above or below the mean SI values of an age-, gender-and weight-matched reference database. Instead of a conventional T-score ≤−2.5 SD, a T-score ≤−1.8 SD was used as the cut-off value for defining osteoporosis, as previous studies demonstrated that the T-score threshold of −2.5 SD might lead to underestimation of the prevalence of osteoporosis when QUS was used for bone measurement at the heel, 15 16 while a QUS T-score threshold of −1.8 SD identified the same percentage of people with osteoporosis as the WHO threshold for bone mineral density (BMD) measurements using dual-energy X-ray absorptiometry. 16 17 Owing to the large physical distance between Luliang County and Hong Kong (see online supplement 1) and as we lacked financial support for international travel, only two women with bound feet with mean QUS values representative of the bound feet group were invited to Hong Kong for case analysis using advanced assessments: three-dimensional bone densitometry (see online supplement 2) and relevant gait and body balance analysis tests for predicting falls and fragility fractures (see online supplement 3).
Statistical analysis
We used SPSS for Windows V. 19 .0 for statistical analysis. Quantitative data were expressed as mean±SD for continuous data and counts by percentage for discrete data. Student's t test was used to compare the following variables between the two groups: age, BMI, size of foot, centre of gravity, number of children, YSM, previous fractures, and rate of T-score-based osteoporosis. The χ 2 test was used to determine the association between previous fracture rate and bound feet status and between T-score of QUS data and bound feet status. For SF-36 Questionnaire data, we used Student's t test to determine if statistical significance existed between categorical mean values of subjects. The χ 2 test was used to assess statistical difference in rate of osteoporosis and incidence of low-energy fractures between the two groups. Values of p<0.05 were considered significant. Table 1 shows no statistically significant difference in age between postmenopausal women with and without bound feet, implying a homogeneous grouping for comparison. Significant differences were, however, seen in body weight, BMI, length and width of feet, number of children, and T-score-based rate of osteoporosis between the two groups. SF-36 Questionnaire results are summarised in table 2: no statistically significant differences were found in any categorical responses between women with and without bound feet except the VT score, which shows a noticeable but not statistically significant decrease in the subjects with bound feet. Figure 3 shows T-and Z-scores of heel QUS bone SI. The mean T-and Z-scores of women with bound feet are both significantly lower than that of the age-and gender-matched control subjects ( p<0.01 for both) (figure 3). The T-score-based calculation shows 32.51% more osteoporotic cases found in women with bound feet (165/172, ie, 95.93%) than in age-and gendermatched control subjects (52/82, ie, 63.42%) ( p<0.01).
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DISCUSSION
Lifelong foot binding is a widespread tradition in ancient China, which still affects a significant number of older women living in rural regions. We investigated potential adverse effects of foot binding on the musculoskeletal system, including bone mineral and structural status along with major fracture risk factors and fracture incidence. Our findings confirmed our hypothesis that women with bound feet had adverse effects on bone health, but disproved our concerns about osteoporosisassociated increases in fragility fractures.
Owing to availability, we only used a portable heel QUS for bone scans in Luliang County, a remote mountain area of Kunming Province to quantify bone status of 172 postmenopausal women with bound feet and their peers. However, calcaneus bone is a skeletal site that is directly affected by foot binding and associated alterations in physical activity. Our QUS measurements showed a rate of osteoporosis that was one-third higher in women with bound feet than in the controls. High-resolution peripheral quantitative CT (HR-pQCT) used for a small subset evaluation in the present study is an advanced technology that allows insight into volumetric BMD (vBMD) and microarchitecture. Trabecular microarchitecture variables for the representative subjects indicated that bone quality was inferior in women with bound feet, with on average a 20% lower trabecular number and 42.7% of vBMD in the core region of the distal tibia, although the cortical vBMD was much less affected, with only 18.1% lower mean value compared with the age-and gender-matched reference population database (see online supplement 2), implying a systemic adverse effect of foot binding on weight-bearing bones. If such a difference is independent of weight bearing, measurements at non-weight-bearing skeletal sites, such as the distal radius, in a sizeable subgroup in future studies might provide evidence to support this hypothesis.
Previous QUS studies in normal postmenopausal women show the QUS value for evaluation of osteoporosis and predicting fragility fractures. [17] [18] [19] [20] As fragility fractures can be associated with both skeletal and nonskeletal factors, we used the SF-36 Questionnaire, a validated instrument for evaluating the relationship between physical activity and osteoporosis and/or fragility fractures, in this study. 13 21 Impaired balance is a known risk factor for fall-associated fragility fractures in women with normal feet. 8 22 23 However, our analysis only showed non-detectable inferior VT and PF in women with bound feet and differences in accumulated plantar pressure, with more pressure placed on the calcaneus of the heel and less force distributed over the forefoot in bound feet (see online supplement 2), implying a compensation mechanism in human kinesiology after foot binding in later life. Our data did not show any difference in number of previous fractures in women with or without foot binding.
In 1997, Cummings and coworkers reported the first dual-energy X-ray absorptiometry study to measure BMD at the spine and hip in postmenopausal women with bound feet in Beijing, the capital of China, and reported that lifelong foot binding had significant adverse effects on spine BMD, and the fragility fracture rate was higher than in control subjects. 24 The direct adverse effect to the bound feet is the significantly reduced foot size, which is described as 'golden lotus'. The consequence is an increased tendency to fall and an increased risk of fall-induced fractures in later life. The overall higher fracture rate in the Beijing study was 15%, while a significantly lower fracture incidence of 7.5% was found in our subjects, which might be explained by different lifestyles between women living in urban areas such as Beijing in the study of Cummings et al 24 and those living in rural regions such as Luliang, a remote county in Yunnan Province. There were no balance and gait data available in the Beijing study. The subjects with bound feet in that study were mostly descendants of upper class families, and little physical work was required in their later life, with impairment in musculoskeletal coordination speculated to explain both higher osteoporosis-and fall-associated fragility fracture rates. 1 3 24 25 The fact that our study subjects in remote Luliang County were working class women who often had to perform manual labour in old age might explain why the balance analysis and lifestyle questionnaire did not show any differences between women with and without bound feet evaluated in a small subset of subjects (see online supplement 3). The associated active lifestyle might have led to different adaptations to achieve body balance throughout life to compensate for the smaller foot support area.
The findings of our study on heel QUS and lifestyle in terms of the SF-36 Questionnaire offer a unique insight into the effects of foot binding. The significance of our study to social and healthcare aspects was the mobilisation of the local government to support our project. The findings generated from our study have raised awareness of osteoporosis-prevention measures in rural regions of China at more than one site. Apart from differences in nutrition, 26 27 the importance of physical activity and/or exercise is specifically relevant for maintenance of balance, and this has been known to be a crucial factor for prevention of falls and fall-induced fragility fractures. 7 10 28 29 Our study had a few limitations in addition to its crosssectional nature: (1) non-homogeneous number of study subjects-the higher percentage of women with bound feet was due to a greater percentage of older women with bound feet living in the study location; (2) owing to a limited budget and the long distance between remote Luliang County and Hong Kong, only a few subjects were invited to fly to Hong Kong for HR-pQCT and gait and balance tests (see online supplements 2 and 3); (3) as only recall was used to obtain fracture history, no reliable fall frequency could be provided for analysis.
CONCLUSION
Foot binding had a lifelong negative impact on bone health. However, the neuromusculoskeletal coordination of the postmenopausal women with bound feet who had an active lifestyle might have compensated for the negative effects, as no difference was found in incidence of fragility fractures, implying the importance of maintenance of body balance in prevention of fragility fractures.
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